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Abstract The role of molecular imaging in pre-clinical
research is continuously evolving. Particularly in small
animal models in biomedical research, optical imaging
technologies are frequently used to visualize normal as
well as aberrant cellular processes at a molecular-genetic or
cellular level of function. Also in cancer metastasis
research, whole body bioluminescent and fluorescent
imaging techniques have become indispensable tools that
allow non-invasive and real-time imaging of gene expres-
sion, tumor progression and metastasis, and response to
therapeutic intervention. In this paper, we discuss the use
of optical imaging strategies—either alone or in combi-
nation with CT- to study intrabone tumor growth, tumor
progression and to monitor efficacy of therapeutic agents in
metastatic bone disease.
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Introduction
Metastasis to bone and bone marrow occurs with high
incidence in patients with advanced breast and prostate
cancer and frequently leads to skeletal complications like
pathological fractures, bone pain, spinal cord and nerve
compression, loss of motility and hypercalcemia of
malignancy causing significant morbidity among these
patients [1]. Bone metastases strongly affect bone remod-
eling involving the activation of bone degrading osteoclasts
leading to osteolytic metastases (commonly observed in
breast cancer) and activation of bone forming osteoblasts
leading to osteosclerotic metastases that are typical of
prostate cancers [2]. Because of the clinical significance of
these processes, many research efforts are aimed at the
understanding of the mechanisms by which tumor cells
colonize the bone marrow and exploring novel possibilities
to treat metastatic bone disease.
In order to study tumor progression and bone metastasis
and to test novel therapeutic agents that can prevent or
arrest excessive bone remodeling in vivo, the development
of advanced imaging technologies in mouse models for
cancer are critical for the assessment of these agents and to
determine their potential value in clinical trials in patients
affected with malignant bone metastasis.
Small animal imaging in cancer
The need for suitable model systems for the visualization
of tumor progression and metastasis has led to the devel-
opment of a variety of small animal imaging technologies
like micro-computed tomography (lCT) analysis, magnetic
resonance imaging (MRI), nuclear medicine bone scans,
skeletal scintigraphy and new imaging modalities based on
the optical detection of reporter genes that are biolumi-
nescent or fluorescent (reviewed in [3]). Imaging
approaches like CT and MRI provide a high degree of
spatial resolution and are better suited for tumor
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phenotyping and anatomical detail whereas PET and opti-
cal imaging are highly sensitive and therefore preferable
for monitoring tumor cell burden, progression and metas-
tasis (reviewed in [4]) that enable to detect early events of
bone metastases.
In this review, we will focus on the use of (whole body)
optical imaging modalities (Bioluminescent Imaging (BLI)
and Fluorescent Imaging (FLI)) in combination with CT to
study tumor development and metastasis to bone and
possible therapeutic interventions of bone metastases.
Whole body optical imaging
Whole body BLI
Optical-based in vivo small animal imaging approaches
detect photon emissions from within living tissues. Biolu-
minescence imaging has been developed over the last
decade as a powerful tool for molecular imaging of small
laboratory animals, enabling the study of ongoing biolog-
ical processes in vivo [5]. A variety of different
bioluminescent systems have been identified in nature,
each requiring a specific enzyme and substrate. The most
commonly used bioluminescent reporter for research pur-
poses has been luciferase from the North American firefly
(Photinus pyralis; FLuc) but other useful luciferases have
also been cloned from jellyfish (Aequorea), sea pansy
(Renilla; RLuc), corals (Tenilla), click beetle (Pyropho-
rus plagiophthalamus), and several bacterial species
(Vibrio fischeri, V. harveyi) [6]. The FLuc protein is an
excellent marker for kinetic and dynamic analyses of gene
expression within short time frames because of its lack of
post-transcriptional modications and its relatively short
half-life of approximately 3 h [7, 8]. BLI is appealing for
whole body imaging while mammalian tissues have low
intrinsic bioluminescence and light is collected in the
absence of external illumination sources causing almost no
background activity resulting in an exceptionally high
signal-to-noise ratio (SNR) making it very sensitive and
specific. Also, the acquisition time of BLI measurements is
short (seconds to a few minutes) compared to other
imaging modalities and more animals can be analyzed at
the same time.
Whole body FLI
Unlike BLI that is dependent on the addition of the sub-
strate luciferin, FLI does not require a substrate addition
but requires an external light source and depends in large
part on the brightness of the fluorescent protein. Whole
body FLI enables tracking of tumor growth and metastasis,
gene expression, angiogenesis and bacterial infection,
quantitatively (reviewed in [9]). Until recently, FLI suf-
fered from several drawbacks due to the characteristics of
the most commonly used fluorescent protein GFP. Due to
its emission wavelength of around 520 nm significant
autofluorescence and a relatively high signal absorption by
the animal tissue is observed. These disadvantages have
limited the sensitivity and specificity of GFP imaging.
However, the use of selective filters and/or the application
of spectral analysis have significantly reduced the contri-
bution of autofluorescence to the acquired images [10].
When using fluorescent proteins with increasingly longer
emission maxima (up to 649 nm) like the series of red-
shifted proteins obtained by mutating dsRed, i.e., mFruits
like mCherry, mTomato and mPlum [11, 12], and a series
of recent developed very bright, red-shifted proteins
derived from the anemone Entacmaea quadricolor like
Katushka and mKate [13], the background autofluores-
cence can substantially be reduced and tissue penetration of
light increased. Besides fluorescent proteins, common
fluorophores, cyanines, quantum dots, peptide-based fluo-
rescence probes, such as targeting, crosslinking and
protease-activatable probes and ‘inducible’ gene reporters
for bioluminescence have made it possible to non-inva-
sively follow molecular processes involved in cancer
development and treatment, including proteolysis [14, 15],
bone turnover [16, 17], apoptosis [18, 19], and angiogen-
esis [20, 21].
Comparison of whole body BLI and FLI
In small animal optical imaging, fluorescent proteins/
probes and luciferases have both been employed to study
transgene expression, tracking tumor growth/metastasis
and treatment, and processes in disease (reviewed in [22]).
Despite the similarities in their applications, each modality
has its own characteristics with its strengths and weak-
nesses like differences in sensitivity, SNR and background
emission form tissues. Quantitative comparisons of non-
invasive BLI and FLI indicate that although fluorescent
signals are generally brighter than bioluminescent signals,
the latter show superior SNR especially in the green to red
part in the spectrum resulting in a much higher sensitivity
[23, 24]. However, fluorescence detection sensitivity and
SNR improves at higher wavelengths where tissue auto-
fluorescence is much lower and light propagation through
tissue is higher [25]. Also, use of low-fluorescence diets
reduces (intestinal) autofluorescence and enhances the
potential of in vivo FLI [26]. The spatial resolution, which
is depth- and optical-property-dependent, in 2D optical
imaging is poor [27]. Current technology of tomographic
fluorescence imaging, however, enables to measure signals
with a spatial resolution of less than 1 mm [28]. Both FLI
and BLI-based imaging techniques differ in the type of
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information obtained and can be applied differently in vivo
for specific research questions. BLI is the most sensitive
non-invasive method that enables the detection and track-
ing of a small number of metabolically active cancer cells
in vivo in small animals [29] giving a better estimation of
the actual tumor burden while FLI of fluorescent dyes are
arguably more suitable for clinical applications in the near
future. Advanced fluorescence imaging systems are able to
sensitively detect NIR fluorophores with high resolution
that should help to improve oncological surgical proce-
dures [30, 31].
Bone metastasis
Monitoring tumor growth and bone/bone marrow
metastases
Animal models of metastasis have been useful in the
identification of metastasis-regulating genes as potential
targets for therapy and have supported drug development
[32–34]. Injection of tumor cells directly to the systemic
circulation leads to the development of distant metastases
throughout the animal body. However, the site of injection
largely defines the site to which metastases develop since
lateral tail-vein injection results primarily in pulmonary
metastases whereas injection via the portal vein or spleen
will result in liver metastases. Tumor cell injection into the
left heart ventricle is a standard technique to induce bone
metastasis. This way of inoculation introduces tumor cells
to the arterial circulation leading to the colonization of
cells to specific sites of the skeleton [35]. After intracardiac
injection of luciferase-expressing human MDA-231-B
breast cancer cells (MDA-231-B/luc?), very small amounts
of photon-emitting tumor cells can be detected in bone
marrow/bone within a few days, mimicking micro-meta-
static spread. A more straightforward method to induce
local growth in bone marrow is the intra-tibial injection of
tumor cells [36, 37]. Estimation of the lowest cell number
detectable in bone after direct inoculation of these cells
into the marrow cavity of the femur revealed that as low as
2 9 104 cells could be detected with an total volume of the
estimated lesion of 0.5 mm3 [36]. Quantification at dif-
ferent time points of the bioluminescent signal localized
over the site of implantation enables continuous monitoring
in vivo of tumor growth. This BLI-based metastasis model
allows regular monitoring of the development and pro-
gression of experimental bone metastases in living animals
with high sensitivity [36, 38].
Thus, monitoring of small metastatic deposits in bone
marrow at a stage largely preceding tumor-induced oste-
olysis is feasible with BLI. This may help to better identify
situations at risk for bone metastasis and develop novel
therapeutic strategies that could be extended to the clinic.
Drug development and therapeutic intervention
Molecular imaging and bioluminescent imaging in partic-
ular, allows non-invasive, rapid and sensitive testing of
(innovative) drugs and therapies for the treatment of cancer
in animal models in relative high throughput compared to
conventional drug testing [39–41]. The development of a
fast growing number of BLI-based mouse models of dis-
ease enables the longitudinal monitoring of cytocidal
effects of anti-neoplastic and antibiotic drugs in tumor
burden [42], metastatic dissemination [43, 44], as well as
viral [45] and bacterial infections [46]. BLI allows spa-
tiotemporal and quantitative analysis of tumor growth and,
due to its sensitivity, is ideally suited to evaluate the
effectiveness of therapeutic approaches that target both
early stages of metastatic development and advanced
metastatic disease. It gives detailed information on locali-
zation and growth of minimal metastatic deposits in the
bone marrow of experimental animals at stage largely
preceding tumor detection by other methods. Apart from
accelerating drug development, the use of optical imaging
will also lead to a faster optimization of new therapies.
Also, less laboratory animals are needed as due to the non-
invasive nature of the methods repetitive measurements
can be taken from the same animal, which also increases
the reliability of observed effects. In bone metastatic
studies, optical imaging can asses the effect of drugs in the
early phase of the disease, especially the localization and
growth of tumor cells within the bone and even before
osteolysis occurs, whereas radiography (X-ray and CT)
will only monitor bone destruction by detecting osteolytic
lesions [44, 47].
Monitoring therapeutic efficacy in bone metastatic
disease
Interference with the micro-environmental growth support
system is currently being evaluated as a therapeutic strat-
egy for the treatment of metastatic disease. Bone metastasis
is a paradigm of the interactions that take place at the
tumor-stroma interface [48, 49] and evidence from animal
and clinical studies support the notion that bone turnover,
particularly bone resorption, contributes substantially to
initiation and maintenance of local tumor growth through
the release of growth factors and bone-resorbing cytokines
[50, 51]. Differently from other tissues, bone turnover can
be reduced by pharmacologic means, e.g., by using bis-
phosphonates; thus, animal models of bone metastasis offer
the unique opportunity to test in vivo the therapeutic effi-
cacy of the interference with the tumor-stroma interface.
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Bisphosphonates
Bisphosphonates (BPs) are non-hydrolysable pyrophos-
phate analogs that have a high affinity for bone surfaces
undergoing active resorption and exert a strong inhibitory
effect on osteoclastic bone resorption. They exclusively
accumulate in bone in vivo and are released in the bone
microenvironment during osteoblastic bone resorption [52,
53].
Currently, BPs are the mainstay for long-term treatment
of osteolytic bone disease and are used as bone-specific
palliative treatments to reduce skeletal complications from
bone-metastasizing tumors. They have been shown useful
in treating prostate, breast, and lung cancer that metastasize
to the skeleton [54–56]. We have recently reported on the
action of BPs on development and growth progression of
experimental bone metastasis [44]. BLI was used for the
detection, monitoring and quantification of bone metastases
induced by intracardiac or intraosseous injection of MDA-
231-B/luc? in nude mice. The bisphosphonate olpadronate
strongly inhibited tumor-induced osteolysis and its sup-
pression of bone turnover, before bone colonization by
intracardially injected cancer cells, significantly inhibited
the number of developing bone metastases. Tumor growth
in the few, but still developing bone metastases, was
affected only transiently. Bone turnover reduction, how-
ever, had no effect on the growth and progression of
established bone metastases as shown after intraosseous
injection of cells (Fig. 1).
A later study on olpadronate in metastatic bone disease
by Yang et al. [57] showed compelling results. After
intraosseous injection of GFP-labeled human prostate
cancer cells (PC-3-GFP) in nude mice, a dramatic reduc-
tion in the severity of bone lesions and an inhibition of the
growth of the tumors by olpadronate treatment was found
as measured with X-ray and whole-body fluorescence
imaging, respectively.
These studies suggest that the anti-resorptive activity of
bisphosphonates can reduce breast and prostate cancer
metastasis to bone. This occurs most probably by reducing
bone remodeling leading to a decrease of local factors that
are normally released during the resorption process and
that are involved in activation of micro-metastases. How-
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Fig. 1 Effects of
bisphosphonate treatment on
intrabone growth of MDA-231-
B/luc? breast cancer cells (BLI)
and osteolysis (radiography) in
tibiae of 6-week-old female
nude mice. MDA-231-B/luc?
cells (1 9 105 cells) were
inoculated directly into the right
tibia of nude mice (n = 5) that
were having a continuous
release of high dose of
olpadronate by osmotic mini-
pumps (16 lmol/kg/day, 24 h/
day for 28 days). a Effect on
intrabone tumor growth was
detected by BLI as described
[36]. RLU = relative light
units. b Effect on development
of osteolytic lesions as assessed
radiographically lytic area in
mm2. c representative animals
of the olpadronate treated and
vehicle treated groups (BLI and
radiography). Reproduced from
[44]
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have turned into a macro-metastase or small tumor, it
becomes independent of local bone turnover for its growth
and, therefore, bisphosphonate treatment will not slow-
down tumor progression of already established tumors in
bone.
By labeling bisphosphonates, non-invasive molecular
imaging of local changes in bone formation and resorption
have become feasible in processes like bone metastasis.
Radiolabeled bisphosphonates like alendronate, etidronate
and methylene diphosphonate have become common
imaging tools to identify places of high bone turnover in
animal models and clinical practice [58–60]. Non-isotopic
imaging of bisphosphonate analogs by covalently coupled
pamidronate to a far-red fluorescent dye show the potential
usefulness in the detection of bone remodeling activity,
breast cancer micro-calcifications and local bone metabo-
lism in vivo using far-red/NIR fluorescence imaging
techniques [16, 17, 61]. However, compared to radiola-
beled bisphosphonates, the detection of fluorescently
labeled pamidronate is limited in deep structures as a result
of soft-tissue attenuation and scatter [17].
Transforming growth factor b (TGF-b) and bone
morphogenetic protein 7 (BMP7)
The TGF-b superfamily encompasses among others TGFb
and BMPs, which are involved in the regulation of
embryonic development and tissue homeostasis [62]. In
bone metastasis, TGF-b, among other cytokines, is released
and activated by tumor-induced osteoclastic bone resorp-
tion. These tumor cells, stimulated by TGF-b, secrete more
osteolytic factors (PTHrP, IL-6, IL-11) that can in turn
further stimulate osteoclastic resorption and increase more
TGF-b release from bone. TGF-b plays a central role in
this feed-forward stimulation of osteoclastic bone resorp-
tion, referred to as the ‘vicious cycle’ of bone metastasis
[43, 63–65]. It has long been recognized that TGF-b can
induce morphologic conversion, invasiveness, and migra-
tion in epithelial cells, collectively referred to as an
epithelial-to-mesenchymal transition (EMT). EMT is not
only critically important during the embryonic develop-
ment, fibrosis and wound healing in adults, but also it
appears to play a crucial role in tumor progression
(reviewed in [66]). BMP7 as an antagonist of the TGF-b
pathway, however, was shown to induce the opposite
process, the mesenchymal-to-epithelial transition (MET),
in renal epithelial cells [67, 68].
Recently, we have demonstrated that BMP7 can coun-
teract TGF-b induced EMT in breast and prostate cancer
cells in vitro and, more important, can inhibit formation of
bone metastases. Daily systemic administration of BMP7
strongly and significantly impaired orthotopic and intra-
bone growth of human breast cancer cells (MDA-231-B/
luc?) in a BLI mouse model of bone metastasis most likely
by counteracting the Smad-dependent TGF-b signaling and
EMT-process [47] (Fig. 2). This was in line with the data
that overexpression of BMP7 in breast cancer cells inhib-
ited tumorigenicity in vivo [47]. Moreover, BMP7
treatment also inhibited prostate cancer bone metastatic
growth after intraosseous transplantation or intracardiac
inoculation of human PC-3 M-Pro4/luc? [69]. However, in
contrast to breast cancer, prostate cancer growth was not
impaired after orthotopic implantation. Clearly, the tumor
microenvironment is an important determinant of the
















































Fig. 2 Effect of BMP7 treatment on intrabone growth of MDA-231-
B/luc? breast cancer cells (BLI) and osteolysis (radiography) in tibiae
of 6-week-old female nude mice. MDA-231-B/luc? cells (2.5 9 105
cells) were inoculated directly into the right tibia of nude mice
(n = 5). Three days after inoculation, the animals were treated daily
with 100 lg/kg BMP7 or vehicle solution for 21 days. a Intrabone
growth of tumor cells and tumor-induced osteolysis (BLI, radiogra-
phy, and histology). T tumor, BM bone marrow. b Bioluminescence is
quantified in RLU (105 photons/s). Reproduced from [47]
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Overall, BMP7 may represent a novel therapeutic mol-
ecule for repression of local and/or bone metastatic growth
of osteotropic cancers like breast and prostate cancer.
Combining optical imaging with CT and MRI
One of the drawbacks of optical imaging is that so far, most
equipment supported only the acquisition of two-dimen-
sional planar images. In addition, where optical imaging
provides superior sensitivity to detect genetic events (i.e.,
gene reporter activity), spatial resolution and anatomical
detail is limited compared to structural imaging modalities
such as micro-CT (lCT). As a result, optical imaging only
provides semi-quantitative data due to tissue-dependent
signal attenuation and poor positional information due to
photon scattering. However, new developments have made
it possible to extend BLI and FLI to three-dimensional
imaging by optical tomography providing better quantifi-
cation of photon emission [70, 71]. Fluorescence molecular
tomography can resolve and quantify fluorochromes deep
in tissues through the use of tomographic principles. The
resolution achieved in optical tomographic methods
strongly depends on the depth and tissue dimensions and its
optical properties. As yet, optical tomography provides a
sensitive, but coarse 3D localization of the light source
within the animal, as opposed to the 2D planar source
localization in conventional optical systems. In comple-
ment, lCT and MRI systems provide superior resolution
and anatomical detail. Three-dimensional FLI, BLI, lCT
and MRI individually have great value for performing
studies in disease evaluation. We have demonstrated that in
application related to metastatic bone disease, there is a
clear benefit in combining 3D BLI with lCT. By inte-
grating tomographic BLI data sets with lCT-images from
the same animal, information about tumor location from
the optical imaging with high resolution structural details
on the skeleton for the lCT imaging could be acquired [72]
(Fig. 3). This enables the direct study of the interaction
between breast cancer metastasis and the skeletal system
from the combined imaging which would not have been
possible with any of the individual imaging modalities
Fig. 3 Fused bioluminescence and micro-computed tomography
visualization of a representative mouse intracardially injected with
MDA-231-B/luc? breast cancer cells that developed extended bone
metastases in spine, knee and ankle joints. Three to four weeks after
intracardially inoculation of the MDA-231-B/luc? cells in nude mice
(n = 3), bone metastases where analyzed with an IVIS 3D BLI
Imaging system (Caliper LS, Hopkinton, MA, USA). Depicted are the
BLI images of a representative mouse in supine (a) and prone position
(b). The animal was subsequently scanned in a SkyScan 1178 lCT
scanner (SkyScan, Kontich, Belgium) (c). The cut-outs of the volume
visualization of the fusion of the CT-images with the metastatic
tumors to bone (d), clearly show bone destruction at the location of
the metastatic breast cancer lesions in the computed tomography data,
whereas the bioluminescence sources (red) highlight the potential
lesion locations. Note that only the metastatic tumors to bone have
been depicted in this fusion
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alone. Careful consideration should be made when deter-
mining the number of lCT-scans while these scanners
impose a relatively high ionizing radiation dose that may
cause tissue damage in longitudinal studies [73]. Fusion of
tomographic optical images with lCT or MRI will provide
structural anatomic information with enhanced spatial
resolution. Also, MR signals can localize sites of metas-
tases prior to bone destruction of formation evident on
lCT. Furthermore, structural tissue information obtained
by lCT and MRI, in combination with a mouse tissue atlas,
can be used in an attempt to correct for tissue-dependent
photon scattering and absorption. Multimodality imaging is
a promising way to register and relate different imaging
data into a singular context [74].
Conclusions
Effective treatments for bone metastases are not yet avail-
able and therefore, development of new therapeutics is
required. It is clear from the work presented in this review
and from work by others that optical imaging is well suited to
detect and follow small numbers of cells non-invasively. It
enables researchers to follow the fate of tumor cells during
tumor progression and metastasis in a semi-quantitative
manner. With the use of three-dimensional tomographic
optical imaging systems and software based on a tissue atlas
of the animal that attempts to correct for tissue absorption
and scattering, more accurately quantitative data can be
obtained. Optical imaging is not only a powerful tool in
monitoring cancer development, progression and metastasis
but also in functional studies of the pathogenesis of bone
metastasis. It will allow us to identify novel in vivo molec-
ular targets of cancer and detect their metastasis in small
animals more accurately, thereby enhancing pre-clinical
screening in small animals of new drugs and therapies.
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